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Virus assembly scaffoldThe Cucumber necrosis virus particle is a T=3 icosahedron consisting of 180 identical coat protein (CP)
subunits. The N-terminal 58 aa residue segment of the CP R domain is believed to bind viral RNA within
virions and during assembly. We report results of in vivo experiments that examine the role of the R domain
in assembly. Deletion analyses identiﬁed 3 conserved 5–10 aa regions as playing critical roles. A highly basic
KGKKGK sequence was found to be both necessary and sufﬁcient for encapsidation of the full-length genome
and polymorphic virions were produced in mutants lacking the KGKKGK sequence. The amount of full-length
RNA present in virions was substantially reduced in R domain mutants where 2 of the 4 lysine residues were
substituted with alanine, whereas substitution of 4 lysines by arginine had only a modest effect. The
potential role of the R domain in formation of a scaffold for particle assembly is discussed.nt Ag-Biotech, 700-A Bay Road,
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Cucumber necrosis virus (CNV), amember of the Tombusvirus genus, is
a small, approximately 34 nm spherical virus containing a 4.7 kb plus
sense, single-stranded RNA genome. The capsid is composed of 180
identical 41 kDa coat protein (CP) subunits arranged as a T=3
icosahedron and is structurally very similar to Tomato bushy stunt virus
(TBSV) (Katpally et al., 2007). The CP subunit consists of three major
domains: an RNA-binding domain (R), a shell (S) and a protruding
domain (P). The R domain connects to the S domain via a ﬂexible 34 aa
arm region. The highly basic nature of the R domain along with its
presence in the particle interior suggests that it plays an important role in
viral RNA interactions in the virus particle interior and during particle
assembly. Recent cryoelectron microscopy studies have shown that the
CNV capsid consists of an outer shell containing S domain sequences as
well as a structured inner shellwhich is composed of R domain sequences
(Katpally et al., 2007). These studies alongwith neutron scattering studies
of the Tomato bushy stunt virus (TBSV) particle have indicated thatmost ofthe viral RNA lies between the inner and outer shells and that some viral
RNA also lies within the inner shell (Katpally et al., 2007; Timmins et al.,
1994).
The CNV CP has been shown to have multiple functions during the
infection process. In addition to encapsidation of viral RNA, CNV particles
have been shown to be important for vector transmission (McLean et al.,
1994; Robbins et al., 1997). Speciﬁc sites within the CP are required for
vector attachment and in vitro binding studies have indicated that
particles act as ligands in a receptor mediated interaction with the
zoospore surface (Kakani et al., 2004, 2001; Robbins et al., 1997). The arm
region of the CP was found to be important for enabling the structural
conformation necessary for virus attachment and subsequent transmis-
sion (Kakani et al., 2008). The ɛ regionwhich corresponds to the last 16 aa
of the arm has been shown to be essential for particle assembly in plants.
Theβ region,which corresponds theﬁrst 18 aa of the armand contributes
to the formation of the β-annulus at the 3-fold axis, is not essential for
assembly, however it contributes to particle stability (Hui and Rochon,
2006). The armhas been found to function as a transit peptide speciﬁcally
targetingCP to chloroplasts during infection and thisﬁndinghas led to the
proposal that chloroplasts may represent a site of disassembly and/or
assembly of virus particles (Xiang et al., 2006). In addition, we have
recently found that the CNVRdomain speciﬁcally targetsmitochondria in
agroinﬁltrated plants (unpublished observations). CP is not required for
cell-to-cell movement, however the presence of CP facilitates, but is not
necessary for movement of virus to uninoculated leaves (McLean et al.,
1993; Sit et al., 1995).
182 R. Reade et al. / Virology 403 (2010) 181–188Studies in our laboratory have shown that sequences in the R domain
are required for formationof T=3particles; i.e., deletionof the completeR
domain results in the formationof only T=1particleswhereas deletionof
C-terminal sequences of the R domain results in a mixture of T=3, T=1
and intermediate-sizedparticles (Kakani et al., 2008).Wedescribe studies
that further explore the role of speciﬁc regions of the R domain in particle
formation anddeﬁne threenon-contiguous regions that are important for
particle accumulation and RNA encapsidation during infection. One
region, which is highly basic is found to be strongly conserved among
tombusviruses and to be required for efﬁcient packaging of full-length
CNV RNA as well the formation of T=3 particles. Coordination of
interactionof this sequenceat thequasi-three-foldaxiswitha sequenceat
the 5′terminus of viral RNA is proposed as a mechanism to ensure
formation of T=3 particles containing full-length CNV genomic RNA.
Results
Identiﬁcation of 3 distinct regions in the CNV CP R domain important for
particle accumulation in infected plants
Fig. 1 shows the R domain sequences of a series of 5 amino acid (aa)
deletion mutants (except mutant 48–53 [R3(-)] which is a 6 aa
deletion mutant) that were constructed in the CP of an infectious CNV
cDNA clone. In vitro transcripts of each of these mutants were used to
inoculate leaves of Nicotiana benthamiana and 5–7 days post-
inoculation (dpi) leaves were examined for virus particle production.
A summary of the level of particle accumulation as a percentage of thatFig. 1. Location of deletions in CNV CP R domain cassette mutants and the effect of mutatio
p92=replicase components; p41=coat protein (CP); p20=suppressor of silencing; p21=c
(R=RNA-binding domain; connecting arm; S=shell domain; P=protruding domain); the β a
shown on the top line and sequences of the deletionmutants are shownbelow.Dashes correspo
Region3)of theCNVRdomain that have the greatest effect onparticle accumulationwhendelet
(Kakani et al., 2008). %WT CNV yield indicates the yield of the virus obtained from leaves infec
Virus yields were assessed spectrophotometrically and then conﬁrmed by ethidium bromide a
agarose gel. Particle yields were averaged from a minimum of 2 independent experiments. Thof WT CNV is shown in Fig. 1. All mutants were found to produce
particles. For themajority ofmutants, particle accumulationwas in the
range of 42–84% that of WT CNV. However, mutants Δ7–11, Δ22–26,
Δ27–31, and Δ48–53[R3(-)] were found to have much lower levels of
accumulation, being in the range of 1%–11% that of WT CNV. These
results conﬁrm that the R domain plays an important role in particle
accumulation and that aa 7–11, 22–31 and 48–53 in particular, play
more crucial roles.
Based on these results, CNV R domain region mutants (hereafter
referred to as Region mutants) were constructed that consist
exclusively of aa 7–11 (mutant R1), 22–31 (mutant R2) and 48–53
(mutant R3) (Fig. 2). Additional mutants composed of combinations
of the Regions were also constructed (mutants R1+2, R1+3, R2+3
and R1+2+3) (Fig. 2). Eachmutant was analyzed, as described above,
for the level of particle accumulation. Plants infected with mutant R1
did not contain detectable levels of virus particles (Fig. 2), however
plants infected with mutants R2 and R3 accumulated particles at the
level of 5% and 49% that of WT CNV. Therefore, aa 22–31 or aa 48–53
are sufﬁcient for virus particle formation whereas aa 7–11 are not. All
mutants containing R3 accumulated relatively higher levels of
particles, i.e., from 26% to 52% that of WT CNV (Fig. 2).
Basic amino acids in Region 3 of the R domain play a role in
accumulation of particles
Region 3 is highly basic with 4 of the 6 aa being Lys (K) residues
(KGKKGK) (Fig. 2). Four R domain mutants containing single Ala (A)ns on particle yield. (A) CNV genomic RNA (gRNA) and its encoded proteins (p33 and
ell-to-cell movement protein). (B) The linear order of the structural domains of the CP
nd ɛ regions of the CP are indicated. (C) The 58 amino acid sequence of the CNVR domain is
nd to deleted amino acids. Shadedboxes indicate the three regions (Region 1, Region 2 and
ed.MutantΔ48-53[R3(-)] is the sameasmutantR3(-)whichhaspreviouslybeendescribed
ted with the indicatedmutant versus that of WT CNVwhich was assigned a value of 100%.
nd SYPRO-Ruby (Invitrogen) staining of particles that were electrophoresed through a 1%
e % yield of mutant Δ48–53 [R3(-)] incorporates values obtained by Kakani et al. (2008).
Fig. 2. Summary of the structure of R domainmutants. The top of the diagram shows the 58 aa sequence of theWT CNV CP R domain. Regions 1, 2 and 3 are shaded. The adjoining arm
region is shown as an open box. The various R domain mutants are illustrated below. Sequences retained in each mutant are shown. Asterisks in the KGKKGK sequence of Region 3
indicate positions of aa substitutions in the various mutants. The % WT CNV yields were obtained as described in the legend to Fig. 1. ND indicates that particles were not detected.
The approximate relative amounts of full-length RNA present in virions extracted from leaves infected with the various mutants are shown on the far right. RNA was extracted from
equal masses of virions and the amount of full-length RNA present was approximated by agarose gel electrophoresis followed by SYBR Safe (Invitrogen) staining. Levels are indicated
relative to WT CNV RNA, with +++++ being the greatest level (WT CNV) and + the lowest level; – indicates no detectable full-length RNA and N/A indicates not applicable. For
mutant R3:48-53A, the designation +/- indicates that full-length RNAwas observed at levels that were just detectable to not detectable. The results represent the average of at least
3 independent experiments. Particle type indicates the presumed particle type based on TEM of uranyl acetate stained particles puriﬁed from the indicated mutants. T=3 indicates
particles that appeared to be identical in diameter to WT CNV virions (34 nm). T=1 indicates small RNA particles similar in size to the previously reported T=1 particles associated
with mutant R1+2 (Kakani et al., 2008; Katpally et al., 2007). IS indicates intermediate-sized particles similar in size to those previously observed by Kakani et al. (2008).
183R. Reade et al. / Virology 403 (2010) 181–188substitutions in one of the 4 Lys residues of Region 3 were analyzed
(mutants R3:K48/A, R3:K50/A, R3:K51/A, R3:K53/A). Fig. 2 shows
that particles accumulated in plants inoculated with each of the
mutants, however levels were lower than that of WT CNV, ranging
from 34% to 70%. Particle accumulation was slightly lower being 28%
and 37%, respectively, in mutants R3:K48+53/A and R3:K50+51/A,
in which two of the Lys residues were replaced with Ala (Fig. 2). A
mutant in which all 6 residues of Region 3 were substituted with Ala
(R3:48-53/A) only accumulated to approximately 10% that of WT
CNV. These observations suggest that the Lys residues in Region 3 are
important for efﬁcient accumulation of virions.
Arginine (Arg) substitution of the Lys residues in Region 3 has a modest
affect on particle accumulation
A Region 3 mutant in which the basic Arg (R) replaced each of the
four Lys residues (R3:K/R) was analyzed (Fig. 2). Particle accumula-
tion was found to be approximately 43% that of WT CNV (Fig. 2) andwas similar or greater than that of either of the double K to A
substitution mutants (37% and 28%), and about 4 times greater than
that of R3:48-53/A (Fig. 2). Thus, although the Lys residues in Region
3 are important for particle accumulation, this role can be partially
played by Arg. These observations suggest that the positive charge of
the KGKKGK sequence is an important aspect of the ability of the
KGKKGK sequence to facilitate particle accumulation.
CNVCPmutants lacking Region 3 sequence display particle polymorphism
In previous studies of R domain deletion mutants (Kakani et al.,
2008; Katpally et al., 2007) we showed that mutant R1+2 (Fig. 2),
produces both T=3 and T=1 particles during infection. Two other CP
mutants, one which lacked the complete R domain and another in
which the C-terminal 26 aa were deleted produced only T=1
particles. In addition, R3(-) (Fig. 2) was found to produce T=3, T=1
and intermediate-sized (IS) particles. This led to the suggestion that
sequences in the R domain promote the formation of T=3 particles.
184 R. Reade et al. / Virology 403 (2010) 181–188Particles of each of the mutants shown in Fig. 2 [with the exception of
those produced by the previously described R1+2 and R3(-) mutants]
were negatively stained with uranyl acetate and examined using
transmission electron microscopy. All of the mutants (except R1
which did not produce any particles) produced T=3 particles (Fig. 2).
However mutant R2 also produced T=1 particles and mutant R3:48-
53/A also produced IS particles (Fig. 3). Our ﬁnding that mutant R3
produces T=3 particles indicates that the KGKKGK sequence is
sufﬁcient to ensure T=3 particle formation. In addition, the ﬁnding
that mutants that lack Region 3 produce T=1 or IS particles conﬁrms
that the C-terminal region of the R domain facilitates T=3 particle
formation. As will be described further below, onlymutants that fail to
encapsidate full-length RNA (Fig. 2) produce T=1 or IS particles.
Region 3 is necessary and sufﬁcient for encapsidation of full-length CNV
RNA
RNA extracted from virions produced by the various R domain
mutants was analyzed by agarose gel electrophoresis (Fig. 4A) and
Northern blotting using a 3′-terminal CNV cDNA probe (Fig. 4B). It can
be seen that mutants R2, R1+2 and R3(-), each of which lacks the
complete Region 3, do not encapsidate detectable levels of full-length
CNV genomic RNA (Fig. 4, lanes 1, 3, and 7). Conversely, virions of all
mutants containing Region 3 (i.e., R3, R2+3, R1+3 and R1+2+3) doFig. 3. Transmission electron micrographs of polymorphic particles produced by
mutants R2 and R3:48-53/A. Puriﬁed particles were negatively stained with uranyl
acetate and photographed at 80K. T=3, T=1 and IS particles are indicated by the
arrows.show detectable levels of full-length RNA (Fig. 4, lanes 2, 4–6).
Moreover, mutant R3, which consists of only Region 3, is capable of
encapsidating full-length RNA. Together, these data show that Region
3 is necessary for efﬁcient encapsidation of full-length CNV RNA. In
addition, the ﬁnding that mutant R3 encapsidates full-length CNV
RNA shows that the KGKKGK sequence of the R domain is also
sufﬁcient for encapsidation of the full-length genome.
Particles of Region mutants consist predominantly of truncated CNV RNA
species
Particles of the Region mutants contain several less than full-
length CNV RNA related species. As described previously (Kakani et
al., 2008), virions of mutant R1+2 do not encapsidate full-length
RNA; rather they contain two prominent RNA species of approxi-
mately 1.9 and 0.7 kb. In addition, lower levels of slightly larger and
smaller RNA species are also present. Kakani et al. (2008) found that
the approximate 1.9 kb (1938 nt) species of mutant R1+2
corresponds to the CP subgenomic RNA (sgRNA) and that the
approximate 0.7 kb species corresponds to a defective interfering
(DI)-like RNA. As can be seen in Fig. 4B (lane 3) only the 1.9 and 0.7 kb
RNAs hybridize to the 3′ probe used in this experiment. It was
previously found that no hybridization to any of the R1+2 species
occurred when a cDNA to host RNA was used, indicating that these
species do not correspond to encapsidated host RNA and that they
therefore correspond to 5′ terminal or internal segments of the CNV
genome (Kakani et al., 2008). Virions of mutant R2 (Fig. 4, lane 1)
encapsidate species similar in size to those of mutant R1+2. The 3′ co-
terminal nature of the approximate 1.9 kb RNA of mutant R2 makes it
probable that this species, like the R1+2 1.9 kb RNA, corresponds to
the CP sgRNA.
WT CNV virions encapsidate predominantly the 4.7 kb genomic
RNA (Fig. 4A, lane 10). However, each of the Region mutants
containing Region 3 also encapsidates several smaller RNA species
(Fig. 4A, lanes 2, 4–6). These RNA species are largely similar in size
among the mutants and their proﬁles are largely reproduced in
several independent experiments. Estimated sizes of these RNAs
range from approximately 4.2 kb to 0.4 kb. The lower molecular
weight RNA species of approximately 0.4–0.5 kb observed in the
Northern blot may correspond to DI-like RNAs such as was
previously found in R1+2 virions (Kakani et al., 2008). The species
indicated by the leftward arrows likely correspond to CP sgRNAs as
their sizes are similar to the predicted sizes of the CP sgRNAs for
these mutants (1950 nt–2076 nt). Virions of mutant R3 (Fig. 4B,
lane 2) appear to lack the 3′ co-terminal CP sgRNA. Thus it is
possible that aa sequences within Regions 1 and 2 are required for
recognition of nt sequences speciﬁcally found in the CNV CP sgRNA
during assembly. This, along with the absence of Region 3, which
may be involved in encapsidation of full-length CNV RNA (see
below), may account for the prominence of the CP sgRNA in the R2
and R1+2 mutants (Fig. 4B, lanes 1 and 3).
The sizes of the RNA species observed in virions of mutant R3(-)
(Fig. 4A and B, lane 7) are very similar to those observed in the Region
3 containing mutants except that R3(-) virions conspicuously lack
detectable full-length genomic RNA. The largest detectable RNA
species encapsidated by R3(-) is an approximate 4.2 kb RNA that
hybridizes to a CNV 3′ probe (Fig. 4B, lane 7). Therefore the KGKKGK
sequence of Region 3 is associated with encapsidation of the full-
length genome.
Basic residues in Region 3 are required for efﬁcient encapsidation of
full-length CNV gRNA
Virions of Region 3 mutants in which a single Lys residue was
mutated to Ala (R3:K53/A, R3:K51/A, R3:K50/Aand R3:K48/A)
contain full-length genomic RNA (Fig. 4A, lanes 11–14). Virions of
Fig. 4. Agarose gel electrophoresis and Northern blot analysis of CNV CP R domain mutants. RNA extracted from puriﬁed virions of the indicated mutants was electrophoresed
through a denaturing agarose gel and stained with ethidium bromide (A) followed by (B) Northern blotting and hybridization to a 32P-labeled cDNA probe speciﬁc to the CNV RNA
3′-terminal 428 nt. (C) A Northern blot as above showing similarities in the sizes of RNAs extracted from R3(-) and R3:K48-53A in a separate experiment from that in B. The arrows in
lane 9 of B indicate the positions of WT CNV genomic RNA (gRNA) (∼4.7 kb), the CP sgRNA (∼2.1 kb) and the p21/p20 sgRNA (0.9 kb) that are detected in infected leaf extracts.
Arrows are also used to designate CNV genomic RNA in lanes 9 and 10 of A. The symbols used to designate the various other RNA species present in virions of the mutants are as
follows: circles indicate full-length gRNA; white ﬁlled arrows correspond to the CP sgRNAs; the open arrows point to probable DI-like RNAs; carets indicate similar-sized truncated
RNA species present in R2 and R1+2 particles; the asterisk shows the position of the approximate 3.4 kb RNA species in the alanine substitutionmutants and in R3:K/R (lane 18); the
squares show the approximate 1.5 kb RNA species. Symbols in white correspond to mutant RNA species detected by the CNV 3′ probe in part B and symbols in black correspond to
species that hybridize to a 5′ probe or to neither the 3′ nor 5′ probe (data not shown). The following RNA species were used for molecular size estimates: CNV gRNA (4.7 kb); sgRNA1
(2.1 kb); sgRNA2 (0.9 kb); sgRNA2 of mutant R1+2 (1.94 kb) (Kakani et al., 2008); 26S rRNA (3.4 kb); 18S rRNA (1.9 kb); and16S rRNA (1.5 kb). The analysis shown here is derived
from several independent experiments and the proﬁles of the RNA species were reproduced in other experiments.
185R. Reade et al. / Virology 403 (2010) 181–188each of the mutants also contain 2 novel truncated RNAs of
approximately 3.4 kb and 1.5 kb (Fig. 4A, lanes 11–14) that are not
abundant in WT CNV RNA preparations (Fig. 4A, lane 10). Mutants
in which two Lys residues were mutated, i.e., R3:K48+53/A and R3:
K50+51/A (Fig. 4A, lanes 15 and 16), show much lower levels of
full-length gRNA and higher levels of truncated RNA species. Full-
length gRNA was present at a very low level in mutant R3:48-53/A
(Fig. 4A, lane 17). Thus, in the alanine substitution mutants, a
reduction in the number of lysine residues correlates with a
decreased proportion of encapsidated full-length CNV RNA. These
results correlate well with the results of the Region mutant studies
described above where the complete absence of Region 3 was
associated with proportionately less full-length RNA.
Particles of mutant R3:K/R, in which the 4 Lys residues of Region 3
are substituted with Arg contain predominantly full-length gRNA
(Fig. 4, lane 18) suggesting that Arg can substitute for the Lys residues
with respect to encapsidation of genomic length RNA. However, on
average, slightly less genomic RNA is encapsidated and particles
accumulate to only 43% that of WT CNV (Fig. 2). This and the
observation that R3:K/R virions contain the novel 3.4 kb and 1.5 kb
RNAs (Fig. 4A, lane 18) present in the single alanine substitution
mutants suggest that the Arg residues do not fully restore the function
of the Lys residues.
Mutant R3:K48-53/A contains RNA species that are distinctly
different than any other of the alanine substitution mutants (Fig. 4,
lane 17). Closer inspection showed, as expected, that the RNA species
encapsidated by thismutant are similar to those encapsidated by R3(-)
(Fig. 4C, lanes 1 and 2), which also lacks the KGKKGK sequence.The low levels of gRNA present in virions of alanine substitution mutants
are not a result of less gRNA in infected plants
It is possible that the decrease in the level of gRNA encapsidated by
the various R3 mutants, and most notably in R3:K48+53/A, R3:K50
+51/A and R3:48-53/A, is due to less full-length gRNA being present
in infected plants. To assess this possibility, infected leaves were
ground in liquid nitrogen. Ground tissue was divided into 2 portions
with one portion being used for total RNA extraction and the other for
virion extraction. Virion RNA was extracted from10 μg of puriﬁed
virus and equal volumes of the virion RNA along with equal volumes
of total leaf RNA were electrophoresed through an agarose gel. It can
be seen in Fig. 5 that gRNA levels are slightly lower (approximately
30%–80% that of WT CNV) in total leaf RNA extracts of plants infected
with R3:K48+53/A, R3:K50+51/A and R3:48-53/A (Fig. 5, compare
lane 2 with lanes 8, 10 and 12, respectively). However, the levels of
encapsidated full-length gRNA in these 3 mutants are proportionately
much lower, being just detectable (Fig. 5, lanes 9, 11, and 13). These
observations demonstrate that the lower levels of gRNA present in R3:
K48+53, R3:K50+51 and R3:K48-53A are not primarily due to less
gRNA in infected plants.
Regions 1 and 3 of the CNV R domain are highly conserved among
tombusviruses
The 58 aa CNV R domain was aligned with CP R domain sequences
in several other Tombusviruses to assess the level of conservation of
sequences in Regions 1, 2 and 3 of CNV. It can be seen in Fig. 6 that
Fig. 5. Agarose gel electrophoresis of total leaf RNA and virion RNA of several R domain
mutants. Leaves infected with the indicated R domain mutants were ground in liquid
nitrogen; total leaf RNA (TL) was extracted from one portion and virions were extracted
from another portion. Virion RNA (V) was then extracted from equal masses of virions.
Equal volumes of total leaf RNA and equal volumes of virion RNA were loaded. The gel
was stained with SYBR Safe (Invitrogen). The position of gRNA present in leaves and
virions is indicated as are the positions of the 3.4 and 1.5 kb RNAs of Region 3 mutants.
186 R. Reade et al. / Virology 403 (2010) 181–188sequences within and immediately surrounding Region 1 and 3 are
the most highly conserved regions. In particular, in 7 of the 9 viruses
there is strong conservation of the three Asn (N) residues present in
Region 1 of CNV. Each of the viruses also contains a highly basic region
near the C-terminus of the R domain similar to CNV Region 3. Region 2
of CNV shows relatively little similarity to the aligned regions in the
other tombusviruses. The strong conservation of Regions 1 and 3
among these viruses is consistent with our ﬁnding that these
sequences are critical for efﬁcient accumulation of CNV particles.
This is especially so in the case of Region 1 where mutants in this
region do not accumulate to detectable levels in plants (Fig. 1). Also,
the observation that several tombusviruses contain Arg residues in
place of the Lys residues in Region 3 of CNV is consistent with our
ﬁnding that Arg can partly substitute for Lys in Region 3. In addition it
reinforces the notion that the positive charge of this region is an
important aspect of its function in virus assembly.
Discussion
We show that the KGKKGK sequence of the R domain is sufﬁcient
for assembly of T=3 particles and is both necessary and sufﬁcient for
incorporation of full-length RNA into particles. Although the KGKKGK
sequence is important for the assembly process, it is not necessary, as
CNV RNA sequences, albeit less than full-length, are packaged in
mutants lacking the KGKKGK sequence. Mutations in the R domain of
the CNV CP also affect particle accumulation, stability of encapsidated
RNA and the polymorphic state of the virus. Polymorphic particles
have also been found to be produced by Tomato bushy stunt virusFig. 6. Conserved sequences in the R domains of several tombusvirus CPs. The underlined reg
were aligned using ClustalW followed by minor manual adjustments. The shaded regions hig
are in bold. The dotted line in the TBSV-BS sequence corresponds to a highly basic region
SWBV=Sikte waterborne virus; CuBV=Cucumber Bulgarian virus; CyRSV=Cymbidium ring
cherry strain; TBSV-BS=Tomato bushy stunt virus-type member; AMCV=Artichoke mottle(TBSV) CP mutants that lack portions of the R domain (Hsu et al.,
2006).
A highly basic arginine-rich motif (ARM) is present in the N-
terminal regions of the CPs of several plant and animal viruses and has
been proposed to be important for speciﬁc recognition of viral RNA
during assembly (Rao, 2006). In the case of Brome mosaic virus, it has
been found that the ARM interacts speciﬁcally with the 5′ terminal
943 nt of RNA1 and is important for stability of RNA1 containing
particles (Choi and Rao, 2000). Studies have shown that the ARM is
also important for packaging of BMV sgRNA4 (Choi and Rao, 2000). In
Sesbania mosaic virus deletion of the ARM completely abolishes RNA
encapsidation (Satheshkumar et al., 2005). In Flock house virus the N-
terminal sequence of the CP is required for speciﬁc packaging of RNA-
2 (Marshall and Schneemann, 2001) and the ARM has been proposed
to affect the efﬁciency of packaging of RNA1 via its role in directing CP
to the site of assembly (Venter et al., 2009). The ARM sequence
appears to play different speciﬁc roles in each virus but has the
general role of modulating encapsidation. Our ﬁnding that a lysine
rich KGKKGK sequence of the CNV R domain is important for
encapsidation of the full-length genome, and that the function of
the KGKKGK sequence is not dramatically altered when the lysine
residues are substituted with arginine residues, suggests overall
similarities between this sequence and the ARM of other viruses.
Virions of each of the R domain mutants contain 2 or more
truncated RNA species. Truncated RNA species have been observed
in other studies that examined the role of speciﬁc regions of the CP
in viral RNA encapsidation. As described above, BMV mutants
lacking the ARM, encapsidate BMV RNA1 but the 5′ terminal 943 nt
are deleted. It was suggested that the ARM may speciﬁcally interact
with this region of BMV RNA but that deletion of the ARM rendered
the viral RNA susceptible to host nucleases (Choi and Rao, 2000;
Rao, 2006). Complete or partial fragmentation of the three BMV
gRNAs was also found in BMV particles in which a KAIKAW
sequence present in the shell region of the capsid was deleted.
These species were found to be preferentially packaged in
polymorphic virions and it was speculated that these particles
may be more sensitive to cellular nucleases (Calhoun et al., 2007).
Similarly, in Flock house virus (Schneemann, 2006) mutations in the
N-terminal region of the capsid and in the ARM region resulted in
genomic RNA fragmentation as well as encapsidation of smaller
RNA species that were found to be DI RNAs (Marshall and
Schneemann, 2001; Venter et al., 2009).
Cryoelectron microscopy studies of CNV and neutron scattering
studies of TBSV indicate that these particles contain a structured
inner shell composed of R domain sequences and viral RNA
(Katpally et al., 2007; Timmins et al., 1994). In addition, there
exist regions of apparent connectivity that extend from the inner
shell to the outer shell at the 3-fold and 5-fold axes (Katpally et al.,ions in the CNV sequence correspond to Regions 1, 2 and 3 as indicated. The sequences
hlight areas of conservation among Region 1 and Region 2. Lys (K) and Arg (R) residues
from aa residues 50–61 proposed to interact with viral RNA (see text). Abbreviations:
spot virus; EMCV=Eggplant mottled crinkle virus; TBSV-Ch=Tomato bushy stunt virus-
crinkle virus; PLCV=Pelargonium leaf curl virus.
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inner shell acts as a scaffold for assembly of T=3 particles (Katpally
et al., 2007). Deletions in the R domain would therefore be expected
to affect particle assembly both at the level of formation of the
inner scaffold and the subsequent formation of the outer shell. This
could affect the initial nucleation event resulting in lower yields of
particles as was observed with all of the R domain mutants (Fig. 2).
In addition, the expected morphogenetic effects of the inner shell in
directing T=3 particle formation would be compromised resulting
in the formation of aberrant particles such as the T=1 and IS
particles observed in mutants lacking Region 3. CNV T=1 particles
produced by the R1+2 mutants lack a structured inner shell
consistent with the role of an intact R domain in the formation of
the inner shell as well as in the efﬁciency of T=3 particle formation
(Katpally et al., 2007). Finally, R domain mutants contain truncated
RNA species which may reﬂect nuclease sensitivity of RNA in
aberrant particles.
The observation that the truncated RNA species are similar in
size among several of the mutants could indicate that RNA is
packaged in a somewhat ordered fashion in WT particles. This is
especially suggested in the case of the single alanine substitution
mutants where speciﬁc cleavage events at approximately 1.5 kb
from the 3′ end and 3.4 kb from the 5′ end are observed. The
studies of Katpally et al. (2007) suggest that CNV RNA is somewhat
ordered in particles. Neutron scattering studies indicate that RNA is
concentrated in speciﬁc regions in the CNV virion (Timmins et al.,
1994). The speciﬁc proﬁle of truncated RNA species we observe in R
domain mutants further suggests that RNA may be distributed in a
somewhat ordered fashion in virions. Viral RNAs of other viruses
such as Bean pod mottle virus, Flock house virus, Satellite of Tobacco
mosaic virus and Red clover necrotic mosaic virus (Schneemann,
2006; Sherman et al., 2006) have been shown to have varying levels
of order within the capsid. However, in these cases, a higher level of
ordering is observed.
The KGKKGK sequence of Region 3 of CNV is of particular
importance for the assembly of T=3 particles as mutants lacking
this sequence produce T=1 and IS particles. The corresponding region
in TBSV lies close to the inner shell, extending from 3 C-subunits that
form the β-annulus at the 3-fold axis (Timmins et al., 1994). The CNV
KGKKGK sequence may contribute to formation of the pedestal-like
structure on the inner shell (Katpally et al., 2007). This structure could
be an important T=3 particle assembly by contributing to the
formation or stability of the β-annulus. Interestingly, the KGKKGK
sequence of the R domain is sufﬁcient for assembly of T=3 particles.
This could suggest a prominent role for viral RNA in directing particle
assembly as has been suggested for other viruses (Schneemann,
2006). It may also suggest that the KGKKGK sequence plays a
predominant role in the formation of the inner scaffold.
Mutants R3(-) and R3:K48-53/A completely lack Region 3 and
virions lack full-length viral RNA. In both cases the largest encapsi-
dated species is a 3′ co-terminal approximate 4.2 kb RNA (Fig. 4A, B,
lanes 7, 17, respectively and Fig. 4C). It is therefore possible that the
KGKKGK sequence contributes to speciﬁc recognition of full-length
CNV RNA via interaction with a region within the 5′ terminal 500 nt of
the genome. If so, other regions of the CP must also be involved in the
speciﬁcity of CNV RNA packaging since mutants lacking the KGKKGK
contain only viral speciﬁc RNA.
The KGKKGK sequence is likely to also interact in a non-speciﬁc
way with the negatively charged phosphate backbone of RNA.
Neutron scattering studies of TBSV suggested that the region
between Lys50 and Lys61 of TBSV (Fig. 6; see underlined regions in
TBSV-BS) and especially Arg57–Arg60 (Fig. 6, see asterisks in TBSV-
BS) interacts with viral RNA (Timmins et al., 1994). This latter region
aligns well with Region 3 of CNV consistent with the notion that the
KGKKGK sequence interacts with CNV RNA. Should an interaction
occur between this region at the 3-fold axis and sequences in the N-terminal 500 nt of CNV RNA this would coordinate the formation of
T=3 particles with encapsidation of full-length RNA.
Materials and methods
Mutagenesis of CNV R domain sequences
All mutants were generated using the PCR-based sense–antisense
method (Fisher and Pei, 1997). Brieﬂy, two phosphorylated diverging
primers were used. For making deletion constructs the primers
resided on opposite sides of the region to be deleted and for
replacement mutagenesis the primers contained the substituted
bases. All mutagenic PCR reactions were conducted using a CNV
RNA cDNA sub-clone in pUC19 that encompasses the complete CP
ORF. The mutated CNV CP region was cloned back into the infectious
CNV cDNA clone (pK2/M5) using EcoRI and NcoI which ﬂank the CP
ORF. The region between the EcoRI and NcoI sites was sequenced to
conﬁrm the presence of the mutation and to ensure that no
unintended mutations were introduced.
Transcript inoculation and puriﬁcation of mutant particles
Approximately 1.5 μg of T7 polymerase run-off transcripts of
mutant cDNA clones was used to inoculate 4 leaves of N. benthamiana
as previously described (Rochon and Johnston, 1991). Particles
were puriﬁed from plants at 5–7 dpi by differential centrifugation
as follows. Infected leaves were ground in 2 volumes of 100 mM
sodium acetate (pH 5.0) containing 5 mM β-mercaptoethanol and
allowed to stand on ice for 30 to 60 min. The slurry was then
ﬁltered with Miracloth (Calbiochem) and centrifuged at 8000×g in
a GSA rotor. The supernatant was adjusted to 8% polyethylene glycol
(M.W. 8000; Sigma) and stirred at 4 °C for 1 to 2 h. Virus was pelleted
by centrifugation at 8000×g in a GSA rotor, resuspended in 10 mM
sodium acetate, pH 5.0, and subjected to high-speed centrifuga-
tion (40,000 rpm for 2.5 h in a Ti 50.2 rotor) at 4 °C. Virus pellets
were resuspended as before and centrifuged at 20,000×g in an
Eppendorf microcentrifuge. Particle concentration was assessed
spectrophotometrically and then conﬁrmed by agarose gel electro-
phoresis through a 1% agarose gel buffered in Tris–borate, pH 8.2 (TB).
Known concentrations of WT CNV particles (as determined by
spectrophotometry) were used as mass standards. Gels were stained
with EtBr in the presence of TB buffer containing 10 mM EDTA to
visualize virion RNA and in SYPRO-Ruby stain (Invitrogen) to visualize
particle protein. The total mass of WT or mutant virus particles
obtained per gram of infected leaves was used to calculate the % virus
yield.
Virion RNA extraction and electrophoresis
Virion RNA was extracted from ∼10 to 50 μg of virus particles in
the presence of 100 mM Tris–HCl (pH 8.8), 50 mM EDTA, and 1% 2-
mercaptoethanol in a ﬁnal volume of 200 μl. The mixture was allowed
to incubate at room temperature for 30 min, and then SDS was added
to a ﬁnal concentration of 1%. The mixture was extracted with an
equal volume of phenol followed by re-extraction of the aqueous
phases with phenol/chloroform/isoamyl alcohol (25:24:1). RNA was
analyzed by electrophoresis through a 1% agarose gel buffered in
40 mM Tris–borate, pH 8.2 containing 1 mM EDTA and visualized by
staining with ethidium bromide or SYBR Safe (Invitrogen).
Northern blot analysis
Virion RNA or total leaf RNA extracts were electrophoresed
through a denaturing 1% agarose gel and blotted overnight onto a
Zetaprobe membrane (BioRad) in the presence of 10 mM NaOH. Blots
were incubated overnight with a nick-translated 32P-labeled CNV
188 R. Reade et al. / Virology 403 (2010) 181–188probe corresponding to the 3′-terminal 428 nucleotides of CNV
genomic RNA. The washed blot was exposed to a storage phosphor
screen (Molecular Dynamics) and visualized with a STORM 860
phosphorimager (Molecular Dynamics).
Transmission electron microscopy
Samples of puriﬁed particles obtained from the various mutants
were applied to a collodion-coated 300 mesh copper grid and allowed
to adsorb for 2–3 min. Grids were washed with sterile, deionized
water and then stained with 2% uranyl acetate for approximately
1 min. Particles were viewed at 27,000× to 80,000×magniﬁcation in a
JEOL 100CX transmission electron microscope (TEM) operated at
80 kV.
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